1. Introduction {#s0005}
===============

Self-monitoring is known to be a crucial element of health promotion and disease prevention ([@bb0050]). Social cognitive theory states that self-monitoring influences a person\'s motivations and actions as it increases attention towards his/her own behaviors, their occurrence and effects; therefore, the success of self-management depends on the fidelity, consistency and temporal proximity of self-monitoring ([@bb0045]).

In clinical settings, the monitoring of patients generally occurs periodically. For instance, the average number of medical visits in older Europeans was 7.75 per year per person ([@bb0415]). As the contact is only periodical, individuals tend to be self-responsible during most of their life when it comes to own health-management. Furthermore, self-reports during the visits to doctors happens retrospectively due to the type of questions asked in questionnaires (e.g. "*How has your mood been in the past four weeks?*").

More and more innovative eHealth solutions are available for healthcare professionals to support their patients outside of periodical face-to-face sessions and clinicians have overall positive attitudes towards eHealth ([@bb0345]). Digital self-monitoring, for instance, has the potential to address and promote health in an individual\'s daily life. A benefit of the digital momentary self-monitoring approach is the high ecological validity, as information is gathered in an individual\'s natural rather than artificial clinical or laboratory environment ([@bb0395]). Furthermore, reporting experiences in the moment in which they occur (e.g. "*How enthusiastic are you right now?*") reduces any potential memory bias, which is frequently found in retrospective assessments ([@bb0405]). Repeated demonstration of self-reports over days or month displays a heterogeneously fluctuating picture of behaviors and experiences ([@bb0150]) and allows for the exploration of temporal relationship between variables.

1.1. The experience sampling method and ecological momentary assessment {#s0010}
-----------------------------------------------------------------------

Diary methods such as the experience sampling method (ESM) ([@bb0100]; [@bb0105]) or the ecological momentary assessment (EMA) ([@bb0425]) offer repeated momentary data-collection situated in daily life and can be utilized in health-related self-monitoring. These approaches provide insight on how individuals think, feel, and behave on a daily basis. At multiple time points, individuals can provide systematic self-reports via (digital) diaries on their behaviors as well as experiences by filling in short questionnaires on smartphone apps or mobile devices. The collection of these reports makes it possible to represent the complex relations between psychological, physiological, and social functioning, and current context (e.g. location, activities, and social company). These momentary self-reports are commonly prompted by the technology through, for example, auditory signals (beeps) at predefined time-intervals (time-sampling) but can, in some cases, also be self-initiated by the individual when a particular event occurs (event-sampling) ([@bb0340]).

In the present study, the term 'self-monitoring' includes all forms of *active* ambulatory assessments and therefore represents an intersection between both ESM and EMA. Active self-monitoring requires the person to reflect on and evaluate the situation and, thus, needs to be distinguished from passive self-monitoring, where (physical) functioning is recorded automatically (e.g. fitness or smart watches).

1.2. Self-monitoring within interventions {#s0015}
-----------------------------------------

ESM and EMA have traditionally been used to describe and understand disease patterns. Beyond that, researchers and clinicians have integrated real-life data collections in recent decades in intervention approaches with the aim of improving certain aspects of health and modify behavior. Reviews have described the approach as effective to improve health, for example, in serious mental illnesses ([@bb0315]; [@bb0465]) or alcohol use disorders ([@bb0060]; [@bb0300]). [@bb0220] emphasize that *digital* self-monitoring via mobile technologies such as smartphone apps or hand-held computers seem to be particularly promising in providing psychosocial and health behavior treatment. A digital approach is furthermore cost-effective and can provide support in situations when it is most needed ([@bb0410]; [@bb0460]).

At the moment, the composition of the self-monitoring in interventions varies strongly between studies. Components seem to differ such as the technology used, intervention duration, follow-up period, amount and intensity of self-monitoring per day, health aspects monitored, and additional features such as personal or automatic feedback. When wishing to work with a self-monitoring approach to support a person\'s treatment, general guidelines are unavailable and this diversity complicates the clinicians\' decision-making process on how to best structure the intervention.

To our knowledge, no recent review is available focusing on *digital* self-monitoring and its use for health promotion in middle-aged and older adults. [@bb0090] assessed the feasibility and application of ecological momentary assessments in psychological and behavioral research on aging over ten years ago. More recent reviews focus on technological solutions for specific health issues in older adults such as chronic conditions ([@bb0185]), or physical activity ([@bb0240]), while the composition of self-monitoring in interventions has not been prioritized yet. In the current aging world, it is particularly important to find the best way to treat and prevent diseases in these populations as they experience a variety of health issues ([@bb0200]; [@bb0230]).

1.3. Review objectives {#s0020}
----------------------

This systematic review aims to provide a comprehensive overview of digital self-monitoring interventions that intend to improve health in middle-aged and older adults.

The primary focus lies on describing (1) the composition of ESM/EMA self-monitoring interventions. This evaluation includes the technology used for the active self-monitoring, (physical, emotional, social) components monitored, intensity and duration of ESM/EMA, if and what kind of feedback was provided, and which other intervention elements were part of the setup. The second focus lies on describing (2) the usability, adherence to the treatment, the intervention effects, and their sustainability. Identified key elements will be discussed and are expected to inspire and guide future digital self-monitoring interventions. Possibilities and challenges will be debated to illustrate digital self-monitoring as a means to promote a lasting healthy lifestyle and thus contribute to prevention of diseases in middle-aged and older adults.

2. Methods {#s0025}
==========

This systematic review was registered on PROSPERO under the registration number CRD42018100649.

2.1. Search strategy {#s0030}
--------------------

In April 2018, the bibliographic databases PubMed, PsycINFO, CINAHL, Web of Science, and Cochrane Library were systematically searched to identify studies reporting on intervention approaches using digital self-monitoring (ESM/EMA) with the intention to improve health. Therefore, the following terms were used when searching the database: 'intervention', 'ESM'/'EMA', 'technology', and 'health'. Appendix A presents the complete search strategy. To find indexed as well as non-indexed articles, MeSH terms, Thesaurus terms, and also non-MeSH terms were included. The resulting reference lists were reviewed to identify additional relevant articles (e.g. through back citation) for potential inclusion. Manuscripts published between 2007 and April 2018 were included in this review (see [Section 2.3](#s0040){ref-type="sec"} for details).

2.2. Study selection {#s0035}
--------------------

The identified citations were imported into EndNote and de-duplicated. The reviewers (SB, RvK, FD) read the abstracts and full-texts independently. Every abstract and full-text was read twice. SB and RvK performed the abstract scanning, while SB and FD read the full-text manuscripts. If consensus whether to in-/exclude a study into the review could not be reached between SB and RvK/FD, MdV was consulted as a third reviewer to make the final decision on in-/exclusion of a study.

2.3. Inclusion criteria {#s0040}
-----------------------

A study was included if it met the following criteria: (1) applying ESM/EMA defined as active real-life data collection of at least two out of three health aspects (physical, emotional, and social) with self-monitoring on at least three days in one week; (2) using technology for the self-monitoring; (3) aiming to promote health within an intervention; (4) in middle-aged or older adults. 'Middle-age' was here defined as populations with a mean age of 45 years and older (rounded up from 44.5 years).

Self-monitoring of at least two health aspects was chosen to ensure that health was seen as a complex, multi-dimensional construct ([@bb0235]; [@bb0275]). Sampling for at least three days was selected to gain a comprehensive view on an individual\'s daily life, increase generalizability in terms of days, and observe variability of response ([@bb0430]). The third criterion (promote health) got defined broadly as the main focus lay on the composition of the self-monitoring within an intervention, while the intervention outcomes and the effectiveness were secondary. The age cut-off was made to focus this review on middle-aged and older adults, as technologies such as smartphones are already more prevalent in individuals younger than 45 years ([@bb0385]) and health app use has been reported in younger ages ([@bb0095]). Studies before 2007 were excluded, as 2007 can be considered to be a turning point in technological development: the mobile phone with smart functions was introduced to the market ([@bb0110]). Finally, only studies written in English were included.

2.4. Data extraction {#s0045}
--------------------

Data extraction was inspired by the PRISMA guideline ([@bb0285]). Information relating to the general study characteristics was extracted, including the country of data collection, sample size, presence/absence of a control group, and population characteristics (age, gender, health status/diagnosis).

With respect to the primary review focus (composition of self-monitoring), data extraction included the type of technology used for the self-monitoring, information on the (theoretical) approaches the intervention was based on, biological/physical, psychological/emotional, and social aspects of health monitored, details on how often per day monitoring took place (intensity), and for how many days/weeks/months the self-monitoring was performed (duration). Additionally, if, how, and what kind of feedback was given to the participants was deemed of relevance.

The information extracted for the secondary review focus was on the use of/adherence to the self-monitoring, overall effectiveness of the intervention (positive/negative/no effect on chosen outcome measures), the length of the follow-up period, sustainability of the effects (follow-ups), and the topic of 'prevention'.

2.5. Data synthesis {#s0050}
-------------------

Due to the heterogeneity of the interventions (population, aim, design, duration, outcome measures, follow-up), a meta-analysis was statistically not appropriate and could thus not be performed. Therefore, a narrative synthesis was conducted. This textual approach summarizes and explains the findings of the synthesis of included studies within a systematic review ([@bb0305]; [@bb0355]).

3. Results {#s0055}
==========

3.1. Reviewing process {#s0060}
----------------------

A total of 6425 references were identified through the search strategy. After de-duplication, 3711 hits remained for the abstract screening. 227 articles were included in the full-text screening for eligibility and 20 manuscripts met the inclusion criteria. Reasons for exclusion during the full-text assessment (*n* = 207) can be seen in [Fig. 1](#f0005){ref-type="fig"}. Six additional references were identified via cross-referencing. In total, *n* = 26 studies with 21 unique interventions (see Appendix A in Supplemental Material) were included (see Reference list in Supplementary Material of included studies).Fig. 1Flow-chart of the review process from data extraction to qualitative synthesis.Note: ^a^'None or limited use of ESM': ESM as outcome only (*n* = 21), \<2 aspects of health monitored (*n* = 105), ESM on \<3 consecutive days (*n* = 19).Fig. 1

3.2. General study characteristics {#s0065}
----------------------------------

### 3.2.1. Country of data collection {#s0070}

In total, 13 of the studies took place in the United States^\[1,\ 2,\ 4,\ 8/12,\ 9,\ 11,\ 13,\ 14,\ 18,\ 19,\ 20,\ 21/22,\ 24\]^. Three studies were conducted in the Netherlands^\[5,\ 10/15,\ 25/26\]^, two in Norway^\[7,\ 16/17\]^ and one each in Germany^\[23\]^, Austria^\[3\]^, and New Zealand^\[6\]^.

### 3.2.2. Sample size and control groups {#s0075}

The average sample size was 94 ranging from ten^\[7\]^ to 305 participants^\[20\]^. 66% of the studies included at least one control group, while 33% were single-armed^\[3,\ 6,\ 7,\ 8/12,\ 9,\ 19,\ 23\]^.

### 3.2.3. Population characteristics {#s0080}

The participants\' average age (including participants in control groups) across all studies was 51 years, with a maximum age of 89 years^\[3\]^. Only two studies had an average age above 65 years of age^\[23,\ 25/26\]^. The study populations show great variability being comprised of people with a substance use disorder^\[1,\ 2,\ 11,\ 13,\ 19\]^, schizophrenia/schizoaffective disorders^\[9\]^, and major depression disorder^\[10/15\]^. Studies focused furthermore on mixed outpatients^\[5\]^, coronary heart disease^\[3\]^, overweight women^\[6\]^, underactive adults^\[14\]^, smoking^\[8/12,\ 21/22\]^, people with HIV^\[1,\ 2,\ 11,\ 24\]^, and chronic pain^\[16/17,\ 18,\ 20\]^. Other studies targeted caregivers of people with dementia^\[25/26\]^, and 'healthy' individuals^\[4,\ 23\]^.

### 3.2.4. Intervention approaches and elements {#s0085}

All interventions were multi-modal, meaning additional features to the self-monitoring were included. The intervention design consisted of motivational interviewing^\[1,\ 2,\ 11\]^, explicit goal-setting^\[3,\ 4,\ 14,\ 23\]^, education/skills training^\[3,\ 6,\ 7,\ 18,\ 19,\ 20\]^, group sessions^\[7,\ 8\]^, elements from acceptance and commitment therapy (ACT)^\[5,\ 6,\ 16/17\]^, and elements from cognitive behavioral therapy (CBT)^\[9,\ 16/17,\ 18,\ 19,\ 20\]^. Furthermore, studies highlighted regular clinical care or access to a counsellor^\[3,\ 4,\ 7,\ 8/12\]^, mindfulness training^\[16/17,\ 21/22\]^, physical exercise^\[7\]^, or disease specific approaches (alcohol intervention based on FRAMES^\[13\]^, pharmacotherapy^\[8/10\]^). One intervention aimed at self-regulatory strategies (i.e. goal setting) derived from the social cognition perspective^\[14\]^, while two other focused on positive affect (PA) as part of the coping process^\[10/15,\ 25/26\]^. One study offered access to a social network via a web-page^\[20\]^, and one self-management intervention limited the design to self-monitoring in combination with visualized progress tracking^\[24\]^. For the full overview of the Intervention elements, see the Supplementary Appendix B.

3.3. Primary review focus: ESM/EMA self-monitoring composition {#s0090}
--------------------------------------------------------------

### 3.3.1. Self-monitoring Technology {#s0095}

Most technologies were mobile, meaning that participants could enter information at home as well as out of home as the technology could be carried. Different models of personal digital assistants (PDAs) were used: the Dell Axim X5^\[4,\ 14,\]^ and the PsyMate^\[5,\ 10/15,\ 25/26\]^. A PDA is a small mobile device programmed to prompt the participant via a sound signal to complete the digital daily questionnaires. The model of the PDA used in one intervention was not specified^\[21/22\]^. Other studies used interactive voice response (IVR), a telephone-based technology that enables the caller to interact with a computer using the telephone keypad as the interface. Three studies did not specify the name for the IVR^\[13,18,19\]^, while two used an IVR called 'HealthCall'^\[2,\ 11\]^. Studies also used a mobile phone survey^\[24\]^, short message services (SMS)^\[9\]^, and SMS with a link to a website survey^\[16/17\]^ as the technological self-monitoring approach. Finally, smartphone apps were developed, namely HealthCall-S^\[1\]^, originated from the IVR HealthCall, MyCor^\[3\]^, Smart-T^\[8/12\]^, and MyTherapy^\[23\]^. As well as the mobile approach, stationary devices were also used for self-monitoring: in one intervention, a small computer was attached to the participants\' TV system^\[7\]^. Two studies used websites via computers for daily log-ins^\[6,\ 20\]^.

### 3.3.2. Prompted self-monitoring intensity per day {#s0100}

The intensity of daily self-monitoring ranged from one to ten self-monitoring moments per day. The intensity of the self-monitoring was categorized as 'low' with one or two self-monitoring assessments per day, as 'medium' with three to five self-monitoring assessments per day, and as 'high' with more than five assessments per day.

In total, eleven studies used a low monitoring intensity^\[1,\ 2,\ 3,\ 4,\ 7,\ 11,\ 13,\ 14,\ 18,\ 19,\ 20\]^: In four studies, participants were asked in the beginning of the day to reflect on the previous day^\[1,\ 2,\ 11,\ 13\]^. Self-monitoring ones daily on the same day took place in six studies^\[3,\ 7,\ 18,\ 19,\ 20\]^. Two other studies prompted the participants twice daily^\[4,\ 14\]^. Medium intensity was described in six studies: One study had three self-monitoring assessments^\[16/17\]^, while another study prompted the participants three times and asked to additionally provide information after every food intake^\[6\]^. Up to four prompts were sent to the participants by one intervention^\[21/22\]^. One study included five daily self-monitoring moments at three days per week^\[8/12\]^. Finally, participants answered questions on drug use, sexual behavior, and medication adherence ones per day, plus questions on physical and mental health aspects, and context four times a day^\[23\]^. High intensity with ten self-monitoring moments was described by three studies^\[5,\ 10/15,\ 25/26\]^. All studies with high intensity limited self-monitoring to three days per week. One study did not further specify 'daily'^\[23\]^.

### 3.3.3. Duration {#s0105}

The duration of the self-monitoring ranged from two weeks^\[21/22\]^ to six months (approximately 26 weeks)^\[13\]^. While most studies asked the participants to self-monitor every day during the intervention period, one intervention limited the assessments to six days per week^\[9\]^, and four other studies focused on three days per week^\[5,\ 8/12,\ 10/15,\ 25/26\]^. For details on the duration see [Table 1](#t0005){ref-type="table"}.Table 1Self-monitoring in the interventions: technologies, intensity, and duration.Table 1[^1]

### 3.3.4. Health aspects: physical {#s0110}

The Supplementary Appendix C provides an overview of the health aspects that were self-monitored in the interventions All interventions included at least one physical/behavioral/biological health aspects. Participants reported on their location^\[4,\ 5,\ 7,\ 14,\ 25/26\]^, 'activity'^\[5,\ 10/15,\ 20,\ 25/26\]^, and quality of sleep^\[5,\ 25/26\]^. Additionally, drug/substance use^\[1,\ 2,\ 3,\ 8/12,\ 11,\ 13,\ 19,\ 24\]^, smoking urge/cigarette availability^\[8/12,\ 24\]^, medication adherence/use^\[9,\ 11,\ 18,\ 23,\ 24\]^, HIV-medication adherence^\[2\]^ or HIV-related health behavior^\[1\]^ was monitored. The self-monitoring also focused on food and/or water consumption^\[4,\ 7,\ 23\]^, the eating experience (i.e. hunger, fullness)^\[6\]^, barriers/enabling conditions for healthy food choices^\[4\]^, and physical activity and well-being^\[10/15,\ 11,\ 14,\ 23,\ 24,\ 25/26\]^. Participants reported on COPD symptoms^\[7\]^, pain^\[16/17,\ 18,\ 20\]^, as well as attention bias/cognition^\[21/22\]^. Finally, self-monitoring included unspecified 'more general questions related to health'^\[13\]^, behavioral factors^\[14\]^, coping^\[18\]^, and events^\[10/15,\ 25/26\]^.

### 3.3.5. Health aspects: emotional {#s0115}

All interventions included some form of emotional/psychological or mental health aspect. Self-monitoring questions asked about participants\' mood^\[1,\ 4,\ 11,\ 13,\ 18,\ 19,\ 20\]^, (positive/negative) affect^\[5,\ 8/12,\ 10/15,\ 25/26\]^, experienced stress^\[1,\ 2,\ 8/12,\ 18,\ 24\]^, wellness/subjective well-being^\[1,\ 2,\ 3,\ 11\]^, depression^\[16/17,\ 21/22\]^, feelings and thoughts related to avoidance and catastrophizing^\[16/17\]^, as well as quality of life^\[2,\ 24\]^. Furthermore, participants reflected on their level of mindfulness^\[6,\ 21/22\]^, cognition^\[5\]^, quality/appraisal of the day^\[5,\ 7,\ 25/26\]^, smoking urge and motivation for cessation^\[8/12,\ 19\]^, and coping strategies^\[9,\ 18\]^. Finally, reasons/motivation for drinking or abstinence^\[11,\ 13\]^, motivational factors^\[14\]^, recreational activities ('time for yourself')^\[23\]^, self-esteem, and sense of competence^\[25/26\]^ were part of the self-monitoring.

### 3.3.6. Health aspects: social {#s0120}

*N* = 8 interventions included social aspects, meaning participants provided information if they were alone or with others. The questions focused on sexual interactions and protection^\[1,\ 24\]^, social company^\[5,\ 10/15,\ 25/26\]^, socialization^\[9\]^, or relationships with the partners^\[13\]^. Recreational activities reflecting on cultivating social contacts were also included^\[23\]^. Thirteen studies did not ask about any social aspects in everyday life (note: some elements might also refer to the other health categories).

### 3.3.7. Feedback {#s0125}

The information collected during the self-monitoring was in nearly all studies feedbacked (*n* = 23) to the participants. Only three study designs did not include any form of feedback^\[5,\ 6,\ 21/22\]^. The feedback was either produced by a healthcare professional or through a preprogramed technological device/service. Feedback from the healthcare professionals were delivered in face-to-face sessions, online consultations, via e-mail or through voice recorded messages. The technology either send automated messages or could provide visual feedback on demand. In one intervention, healthcare profession provided daily written feedback^\[16/17\]^. In most studies, however, healthcare professionals gave feedback on a weekly, bi-monthly, or monthly level. The programmed feedback was available in most studies every day and in two interventions weekly. [Table 2](#t0010){ref-type="table"} provides details on the characteristics of the feedback.Table 2Characteristics of feedback.Table 2[^2]

The content of the feedback depended on the self-monitoring items. Therefore, the feedback included drinking behavior or drug use^\[1,\ 2,\ 11,\ 13\]^, smoking behavior^\[8/12\]^, or information related to the individually set goals (e.g. steps)^\[3,\ 7,\ 14,\ 23\]^. Furthermore, part of the feedback was dietary intake^\[4\]^, medication adherence, socialization or auditory hallucinations^\[9\]^, or positive affect in daily contexts^\[10/15,\ 25/26\]^. Interventions included also feedback on general diary content^\[16/17\]^, coping skills, stress, and pain level^\[18,\ 19\]^, or mood/activity boosters and pain soothers^\[20\]^.

3.4. Secondary review focus: usability, effectiveness, sustainability, and prevention {#s0130}
-------------------------------------------------------------------------------------

### 3.4.1. Usability/compliance/adherence {#s0135}

The terminology varied between studies when reporting on the participants\' engagement in self-monitoring including 'adherence', 'use', 'compliance' or 'engaged'. The lowest average adherence rates were 51% (PDA Dell Axim 5)^\[4\]^ and 56% (IVR)^\[19\]^ (low self-monitoring intensity). The highest median use rates were 86/87% (Smart-T; text messages)^\[8/12,\ 9\]^ (medium self-monitoring intensity) and 95% (HealthCall-S smartphone app)^\[1\]^ (low self-monitoring intensity). Most studies reported an adherence rate between 64% and 76%^\[2,\ 5,\ 10/15,\ 11,\ 14,\ 16/17,\ 21/22,\ 25/26\]^. In three studies, no information on the adherence was provided^\[18,\ 20,\ 23\]^. Finally, one study reported the adherence to self-monitoring without a percentage as 'most entered data on a daily basis' (page 7)^\[7\]^. A number of studies noticed a decrease of adherence and use over the course of the intervention^\[3,\ 4,\ 6,\ 13,\ 19,\ 24\]^. One study described furthermore that the web-based visualization focused on survey responses over time were difficult to use and interpret, and therefore rarely used by the participants^\[24\]^. One intervention was evaluated in an RCT as well as a process evaluation^\[25/26\]^. No other interventions provided process evaluations.

### 3.4.2. Effectiveness {#s0140}

Details of the effectiveness can be found in the Supplementary Appendix A. 96% of all studies reported health improvements at least on one outcome measure right after the intervention or at follow-up. One study failed to find significant effects on the outcome measures, however, participants reported that the ACT exercise (available on demand in distressing situation to deal with feelings and thoughts in an ACT-consistent manner) and metaphors (illustrated metaphors serving as reminders/cues to reactive previously learned ACT concepts) were useful components^\[5\]^. Next to the significant health improvements, *n* = 11 studies reported that some outcome measures did not show a significant change post-intervention^\[1,\ 3,\ 5,\ 6,\ 9,\ 10/15,\ 11,\ 12,\ 22,\ 23,\ 26\]^. One study found a negative intervention effect with higher alcohol consumption in the self-monitoring IVR group, potentially explained through a confounder effect^\[13\]^. The same study highlighted a therapeutic advantage of the feedback compared to self-monitoring only. Findings regarding the added benefit of a feedback on top of the self-monitoring were limited and mixed: studies reported non-significant group differences^\[10,\ 25/26\]^, or significant effects of the self-monitoring plus feedback compared to self-monitoring only^\[15\]^. Results furthermore stressed the relevance of tailored messages (i.e. with respect to triggers)^\[12\]^, the advantage of daily self-monitoring compared to bi-weekly to increase awareness and behavioral change^\[24\]^, and the importance of a personal coach providing face-to-face feedback to stimulate and implement new insights into daily lives^\[25\]^.

### 3.4.3. Follow-up and sustainability {#s0145}

Twelve studies did not include or report on follow-up assessments after the main intervention period and therefore no information on the sustainability of the intervention effects was available. Sustained effects were found on at least one outcome measure after two months^\[26\]^, three months^\[6\]^/twelve weeks^\[8\]^, 14 weeks^\[20\]^, five months^\[16\]^, six months^\[15\]^, eight months^\[18\]^, and twelve months^\[2\]^. In two studies, within-group differences remained, while group-differences disappeared at 11/12-month follow-up^\[11,\ 17\]^.

### 3.4.4. Prevention {#s0150}

A small number of studies included the idea of disease prevention in their intervention. Relapse prevention was part of the six-week inpatient treatment (ACT group therapy) prior to the self-monitoring period (ACT in daily life)^\[5\]^, as well as the IVR based interventions for chronic pain^\[18\]^ and alcohol use disorder^\[19\]^. Additionally, authors concluded that the intervention prevented increases in functional impairment and symptom levels in women with chronic widespread pain following inpatient rehabilitation^\[16\]^. The "Mind, Body, Food" program functioned as a weight gain prevention^\[6\]^. Finally, monitoring functioning in caregivers of people with dementia might potentially prevent higher levels of burden in a later stage^\[26\]^.

4. Discussion {#s0155}
=============

The primary aim of this review was to describe the composition of self-monitoring interventions for middle-aged and older adults aiming to improve health. The reviewed literature resulted in the identification of 26 studies with 21 unique interventions using active ESM/EMA self-monitoring. The strength of this review lies in the inclusion of all active self-monitoring interventions using technology to describe the diversity of intervention designs and thus stimulate new approaches. The chosen definition of self-monitoring aimed to represent the intersection between both ESM and EMA, while the inclusion criteria ensured that health was considered a multi-dimensional construct.

With regards to the general characteristics of the included studies, the interventions focused on a wide range of physical and psychological health issues and were conducted in high-income countries. Studies focused mainly on middle-aged adults as only two studies had an average age above 65 years of age^\[23,\ 25/26\]^. One of these studies provided insufficient information on the design of the four-week program and participant\'s use of the 'MyTherapy' smartphone app (intensity of sampling and compliance unclear)^23^, which highlights the need for consistent reporting as also suggested by an EMA review in youth ([@bb0280]). The other study including older adults^26^ used the PDA 'PsyMate' over six weeks with a high sampling intensity (i.e. 10 times/day) and reported a high compliance rate (78%). This compliance rate is similar to the rate reported in youth (76%) ([@bb0225]). Even though younger individuals might be particular amendable to monitor health aspects using technology such as smartphone apps, the willingness seems not to differ across ages, suggesting age itself to not be a barrier per se ([@bb0445]). Nevertheless, more research in older adults is needed to determine potential variations from the findings of this review reflecting digital self-monitoring in middle-aged adults.

Digital self-monitoring was also just one element within the multi-modal set-ups. This multi-modality in combination with the diverse study designs (i.e. 2/3 included a control group) limits the expressiveness with respect to the direct effectiveness of digital self-monitoring on health, which was in this review secondary. When reviewing complex interventions, it is recommended to focus on the aspects of complexity that are depict the main research question ([@bb0350]). In the present review, this focus was on the composition of digital self-monitoring within interventions. The following elements of digital self-monitoring stood out through the narrative synthesis and should be considered in future set-ups:

4.1. Mobile technology {#s0160}
----------------------

In everyday life, most individuals spend time not only at home, but a variety of places such as at work, public places, or nature. To promote digital self-monitoring in all environments, a mobile technology is essential. Three studies, however, used a stationary device (i.e. computer or computer in combination with TV system)^\[6,\ 7,\ 20\]^, which limits the flexibility of the digital self-monitoring in everyday life resulting in an incomplete view of one\'s daily functioning. The non-mobile approach could furthermore explain the low self-monitoring adherence in one of the studies: only 10% of the participants used the Eating Awareness Tracker within the 'Mind, Body, Food' intervention for at least 12 out of 14 weeks^\[6\]^.

The studies that used a portable technology chose PDAs, smartphone apps, or mobile phones (surveys, SMS/with link to website). The benefit of smartphone apps for the self-monitoring lies in the fact that users can install apps on his/her own smartphone, which is comfortable as no new device needs to be learned and carried. Additionally, people (users or researchers) do not need to purchase a whole new technology. As individuals spent multiple hours a day on their smartphones ([@bb0025]), the task to repeatedly self-monitor momentary aspects for a couple of minutes seems unproblematic. Contrary, giving the participant a new technological device such as a PDA might increase the excitement and thus adherence. In this review with regard to the adherence, there was no trend identified for one mobile device being superior to another mobile device.

Next to smartphone (apps), IVRs were used through which individuals interacted with a computer by calling it and responding to questions via the keypad of the telephone. All IVR studies instructed the participants to use the IVR once per day and to reflect on the previous day. On one hand, this retrospective approach compared to traditional ESM 'in-the-moment' reflections might introduce a slight memory-bias, which could affect the ecological validity ([@bb0400]). On the other hand, the IVR interventions had durations of \>8 weeks^\[2,\ 11,\ 18,\ 19\]^, which was twice as long as some of the non-IVR interventions^\[5,\ 8,\ 16/17,\ 21/22,\ 23\]^. The longest study period described in this review of 6 months also used IVR^\[13\]^. This long self-monitoring duration using IVR, however, was also paired with a described reduction of engagement with the self-monitoring in two studies^\[13,\ 19\]^ .

Surprisingly, no intervention included wearables or other technological devices to combine active self-monitoring with passive self-monitoring of additional physical information. Recent research reveals that wearables are not only easy to use for older adults, but can also improve aspects of health by, for example, encouraging participants to increase their daily level of physical activity ([@bb0015]; [@bb0180]). The dichotomy of active and passive self-monitoring used in the present review might furthermore not be applicable to all technologies, as approaches can be combined ([@bb0030]) and passively collected data could also lead to awareness for behaviors via feedback and thus health benefits ([@bb0155]).

Generally, the choice for one or the other mobile technology seems to be partially influenced by the workplace as the IVR studies, for example, were all conducted or in collaboration with the University of Vermont and Colombia University, while the PDA PsyMate studies origin from Maastricht University. The findings of this review could facilitate researchers and clinicians to expand their horizon and adopt other technological solutions into their institute. This adaptation of new approaches may result in new insights and additional advantages for the target populations. Another issue might lie in the tendency of inventing similar devices/services instead of building on existing knowledge. General guidelines can contribute to less time spent on testing the basics of the technology and more time channeled into designing the modalities that actually improve health and change behaviors.

4.2. Duration, intensity, and reduced engagement {#s0165}
------------------------------------------------

Currently, no guideline for the duration or intensity of digital self-monitoring within interventions exists. Within the studies included in this review, the duration and intensity of the digital self-monitoring varied strongly and no clear trend could be identified. The diversity might be related to the unavailability of guidelines, the variety of health issues targeted by the interventions, and the fact that the health improvements might take unequally long to be reached. A delayed health improvement could be seen, for example, in the study of [@bb0455] as some significant changes did not appeared after the intervention, but at two-months follow-up.

When reflecting on the sampling intensity, one benefit of a high sampling intensity (i.e. 10 times/day) is the possibility to identify pattern and fluctuations over the day ([@bb0310]). Furthermore, the person may be desensitize to the procedure and therefore reduced reactivity to the self-monitoring method through a higher sampling load ([@bb0340]). Contrarily, a high sampling intensity can be time-consuming and burdensome for the individual in the long-term. In the included studies, there was no visible relation between a high intensity resulting in low adherence. The intensity as well as duration might prospectively be chosen with respect to the individual\'s preferences. Furthermore, a re-evaluation of the set-up after some weeks or months might be useful, as the health improvement could be reached earlier or later than expected. Flexible adjustment of the intervention in combination with a person-centered approach ([@bb0250]) could thus improve optimal functionality.

A number of studies noticed a decrease of adherence over the course of the self-monitoring intervention^\[3,\ 6,\ 13,\ 19,\ 24\]^. This decline in engagement has been noted by other eHealth studies ([@bb0115]; [@bb0160]; [@bb0290]; [@bb0390]; [@bb0485]). In an EMA review focused on youth, recommendations include offering incentives or integrating measurement bursts (self-monitoring for several days or weeks followed by a break and then continuing) to maintain interest ([@bb0225]). Future research needs to investigate ideas on reward systems or gamifications ([@bb0140]) to motivate sustained engagement resulting potentially in lasting behavioral change. Theoretically, behavioral change maintenance is complex and includes factors related to the individual motive, self-regulation, psychological and physical resources, habits, and environmental and societal influences ([@bb0270]). These factors might guide future developments and intervention designs.

4.3. Self-monitoring of health aspects: a discrepancy between theory and practice {#s0170}
---------------------------------------------------------------------------------

To improve self-management through self-monitoring, health as a complex and dynamic system requires interventions that take all health aspects into account: physical, psychological, and social. Only eight of the 21 interventions asked the participants to reflect on social factors. Social health refers to the view that an individual can manage and maintain a balance between opportunities and limitations in social and environmental challenges and thus experience well-being despite a health issue ([@bb0235]). In certain fields, researchers emphasize that more attention needs to be paid to social health to improve participation and well-being ([@bb0135]; [@bb0330]).

The discrepancy in the reviewed self-monitoring interventions between the theoretical importance of social aspects of health ([@bb0275]) and in practice this aspect being widely neglecting might indicate that the digital self-monitoring interventions need adjustments to optimally support health. In case the interventions included self-monitoring of social aspects, the social information was used in different ways. Two interventions focused one face-to-face feedback session on social interactions and related positive affect^\[10/15,\ 26\]^. This approach could raise awareness for the social network available and the importance to maintain it^\[25\]^. Self-monitoring of sexual behavior also increased awareness of the relationship between this behavior and substance use and other triggers^\[24\]^. Furthermore, socialization and recreational activities (i.e. cultivate social contact) were main goals that participants could choose to improve^\[9,23\]^. The other studies did not include details on how the self-monitored information on social aspects (i.e. sexual interactions and protection, relationship to partner) was used^\[1,\ 13\]^. Conclusively, the evidence on how social aspects can be utilized in self-monitoring interventions is limited and future research is urged to investigate further. Nevertheless, the theoretical importance of interpersonal health aspects is not translated well into practice.

4.4. Feedback: health professional vs. programmed technology {#s0175}
------------------------------------------------------------

All studies provided some form of feedback, except three^\[5,\ 6,\ 21/22\]^. While one of them ([@bb0055]) did not find a significant change in the self-report outcome measures (i.e. psychological flexibility, symptoms, coping, or quality of life), the results of [@bb0075] showed significant within-group improvement in intuitive eating, psychological flexibility, and general mental health as well as decrease in binge eating. In this study, however, the success might be more influenced through other intervention elements (teaching ACT-based skills) rather than feedback of self-monitoring information as only 10% of the participants engaged in the whole 14-week self-monitoring^\[6\]^.

All other interventions reported some of the self-monitoring information back to the individuals. Generally, a trade-off between the frequency and amount of involvement of the healthcare professional could be observed: while automated feedbacks would be used more often, they might also be less personal. The involvement of health professionals such as coaches or psychologists was described as pleasant and useful as described in the process evaluation of one intervention^\[25\]^ and the qualitative results stated in [@bb0080]. Due to limited resources, however, involvement might not be feasible on a daily level.

Providing feedback can be more challenging than one might think as the question remains if the person can cognitively grasp the information and translate it into a behavioral change ([@bb0480]). Generally, feedback is recommended to be timely and tailored ([@bb0130]). Prospectively in self-monitoring intervention, a combination of both programmed feedback/progress tracking and a weekly or monthly personal conversation might provide the individual with the ideal support. This combined approach is in line with the 'blended care principle', which highlights the use of both online modules and session with a personal coach to support self-management ([@bb0070]). The personal contact could be provided through written messages^\[16/17\]^, online consultations^\[7\]^, face-to-face sessions^\[1,\ 2,10/15,\ 11,\ 25/26\]^, or even recorded voice messages^\[18,\ 19\]^ as illustrated by the reviewed studies.

4.5. Intervention effects, their sustainability, and mechanisms {#s0180}
---------------------------------------------------------------

This systematic review is not intended to fully evaluate the effectiveness and sustainability of effects. Rather, the narrative synthesis provides descriptive conclusions that should not be generalized: almost all intervention reported a significant positive effect on health either by comparing intra- or inter-group differences. As expected, the specific results were diverse. Highlights include improved mood^\[10,\ 21,\ 26\]^, better health-related quality of life^\[7\]^, healthier eating habits and/or physical activity^\[3,\ 4,\ 6,\ 14\]^, decreased levels of pain^\[18,\ 20\]^, as well as increased medication adherence^\[9,\ 23\]^.

One study did not result in significant improvements in the chosen outcome measures (i.e. psychological flexibility, symptoms, avoidant coping)^\[5\]^. The primary aim of this project was to assess the feasibility and acceptability of a fully automated mobile ACT intervention in daily life delivered by a PDA (i.e. PsyMate). The participants showed great enthusiasm for participation resulting in twice as many participants as aimed for. Furthermore, the completion rate was high (76%) and the high sampling intensity (10 times/day) did not seem to have interfered. The non-significant results might be explained by the short follow-up period as differences could be visible at a later time point. Additionally, a ceiling effect could have influenced the scores as an intensive inpatient treatment had occurred prior to the intervention^\[5\]^.

Another study led to negative health outcomes, namely an 'increase' in alcohol consumption measured with a retrospective instrument. This outcome might be explained through a measurement confounder^\[13\]^. The authors argue that this finding is counterintuitive and a large body of literature supports the beneficial influence of self-monitoring and feedback on alcohol use. The given explanation refers to the observation that individuals commonly underestimate their consumption on the retrospective instrument, but through the self-monitoring their report increased in accuracy, which then resulted in a misleading result. Through another analysis, independent of this confounder, self-monitoring in particular in combination with feedback seems to be beneficial to reduce alcohol consumption^\[13\]^.

The evaluation of the sustainability of intervention effects was not included in the majority of studies. When follow-ups were included, the periods ranged from two^\[25/26\]^ to twelve months^\[2,\ 11\]^. Some studies faced thus the fading of significant intervention effects after some weeks or months^\[11,\ 17\]^. Achieving as well as maintaining a behavioral change to improve health is complex and influenced by various internal and external factors. Additional interventions features after the main period might, therefore, be necessary to assess the health status and potentially boost it. Overall, more research is needed as the question how sustainable effects of self-monitoring interventions are with respect to maintained health improvements is understudied. On the level of public health care systems, not only long-term financial solutions are needed, but also the joined development, provision, and monitoring of eHealth approaches including all stakeholders (private sector, beneficiaries, final users) plays an important role in the sustainability ([@bb0125]).

When trying to explain underlying mechanisms, the Transtheoretical Model of Health Behavior Change claims that individuals go through six 'stages' during the process of change namely precontemplation, contemplation, preparation, action, maintenance, and termination ([@bb0360]). Interventions are therefore suggested to be stage-matching and individualized ([@bb0475]). Next to self-monitoring, a systematic review linked the following techniques to particularly successful interventions: provision of instructions, relapse prevention, and prompting practice ([@bb0145]). Furthermore, the behavior centered design approach urges to create surprise, revalue behavior, and disrupt performance to enable a behavioral change ([@bb0040]). While digital self-monitoring could support this process, the theoretical background might require further investigation. Overall, there are \>80 theories on behavior and behavioral change ([@bb0120]). Future research might elaborate on the theoretical basis to support the practical recommendations for self-monitoring interventions provided in this review.

4.6. Prevention: possibilities and challenges {#s0185}
---------------------------------------------

The idea to use digital self-monitoring to not only treat already existing health issues, but also prevent problems before they manifest, may (theoretically) sound promising: a person self-monitors him/herself, increases awareness for the own lifestyle, and individuals feel motivated to become or stay healthy. Unfortunately, the mechanisms of disease prevention are more complex.

One difficulty relates to the question how engagement in self-monitoring can be promoted over months and even years to achieve long-lasting health results. Taken the example that a healthier lifestyle can reduce the risk for strokes or dementia ([@bb0170]; [@bb0470]), an individual would need to change and maintain this lifestyle for decades. Innovative solutions with long-term research designs are required to study this process and to gain insight into the motivational aspects. This question aligns with the aspect of sustainability described above. For how long is self-monitoring needed to reach 'the healthy lifestyle'? How can this lifestyle be maintained? As relatively little faction of health spending gets channeled into preventive compared to curative strategies ([@bb0165]), the development and implementation of digital prevention strategies is challenging and in its infancy.

4.7. Limitations and future directions {#s0190}
--------------------------------------

First, the degree of bias within this review by only including studies published in English and the likely publication bias associated with including only published manuscripts is acknowledged. Second, as the review\'s focus was on the composition of digital self-monitoring, studies were not included based on the quality of effectiveness. However, the included articles were sources from peer-reviewers journals, signifying that all of them had an academic level and quality. Third, by limiting the time period (2008 to April 2018), this review does not aim to be exhaustive but presents an initial picture of digital self-monitoring interventions. Applying the search strategy once more in September 2019 resulted in 1167 hits for the years 2018--2019 indicating an exponential development. A quick review of the PubMed hits (*n* = 165) using the same search strategy (Appendix A) resulted in identifying one additional study: In this RCT ([@bb0295]), participants (*n* = 171, mean age = 50,6 yrs.) became more physically active by using a website to monitor affect, experienced exertion, and steps (pedometer). The website provided the participants with tips and peer support, but no information on the mobile access of the website was provided. Furthermore, the intervention effects had largely disappeared after twelve-months, which is in line with the presented results ([Section 4.5](#s0180){ref-type="sec"}). No elements of this intervention seem to greatly diverge from the findings of this review. The updated search revealed many protocols, therefore we believe that an updated review in a couple of years could be beneficial for the field. With regards to the methodological issues, self-monitoring was defined and operationalized generally orientated on momentary assessments such as ESM and EMA and aiming to find the intersection, but this definition might diverge from other perspectives on ESM/EMA. Finally, even if different populations were included in this review, the results cannot be generalized to other age groups or ethnicities.

In the future, digital self-monitoring interventions as a promising eHealth solution may be used to support people not only in rural areas, but also middle- and low-income countries ([@bb0065]; [@bb0435]). Additionally, active self-monitoring could be linked with automatic self-monitoring such as wearables ([@bb0320]) to evolve the solid status of the current self-monitoring technology further. Even though health professional\'s acceptance of eHealth interventions and aftercare needs to improve before fully implementing eHealth into practice, which is seen as a complex process, ([@bb0215]; [@bb0345]), digital phenotyping ([@bb0335]), when used in a responsible and ethical way, may have great advantages in health promotion.

5. Conclusion {#s0195}
=============

Overall, digital self-monitoring technologies seem to be suitable to understand and support health-related self-management and hold promise for future trials. The composition of digital self-monitoring interventions in middle-aged and older adults showed a great diversity, particularly with respect to the duration, sampling intensity, and multi-component design. Nevertheless, several elements stood out and should be considered in future digital self-monitoring interventions: (i) Mobile technology can ensure flexible use in everyday life. (ii) Feedback both automatically and in person may support the individual throughout the intervention. (iii) Social health aspects are partially neglected and need more attention. Research may prospectively investigate the sustainability of intervention effects, ways to promote long-term engagement, possibilities for disease prevention, the most suitable theoretical model for digital self-monitoring, and include more older adults \>65 years of age.
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[^1]: Note: IVR = interactive voice response; PDA = personal digital assistant; SMS = short message services; (.../w) = number of self-monitoring days per week; ^a^asked to reflect in the morning on previous day.

[^2]: Note: IVR = interactive voice response.
